During the course of the intracellular cycle of malaria, there are critical 'gates' through which the parasite must pass in order for the cycle to be completed. One gate involves the invasion of mosquito salivary glands by sporozoites liberated from oocysts that develop on the midgut wall of the mosquito intestine. Upon release into the hemocoel, the sporozoites travel via the hemolymph to the salivary glands, where they invade salivary gland secretory cells and, subsequently, enter the salivary gland ducts (Wernsdorfer, 1980) . However, although many aspects of the mosquito phase of the malaria life cycle are known, the mechanism used by sporozoites to locate salivary glands has not been determined.
Histologically, sporozoites have been found throughout the mosquito hemocoel (Garnham, 1966; Golenda et al., 1990; Mayer, 1920; Mülens, 1921; Wenyon, 1926) . These data imply that sporozoite migration to salivary glands may be a passive process involving normal hemolymph circulation. However, it is still unclear whether sporozoites randomly delivered to salivary glands are able to detect the presence of the salivary glands during their circulation through the hemolymph. Several histological studies have shown that sporozoites are most frequently associated with the salivary glands and occasionally in spaces between but not directly on thoracic muscles (Golenda et al., 1990; Mayer, 1920; Mülens, 1921; Oelerich, 1967) . These findings were confirmed and quantified using an enzyme-linked immunosorbent assay for a circumsporozoite antigen, which covers the entire surface of sporozoites (Robert et al., 1988) . Therefore, the suggestion by Oelerich (1967) that once in the vicinity of the salivary glands, the location and invasion of the salivary glands may involve short-range chemotactic interactions is relevant. Chemotaxis is used by many organisms, such as bacteria and leukocytes, to detect environmental stimuli (Devreotes and Zigmond, 1988; Taylor et al., 1999) . Although the involvement of chemotaxis has not been demonstrated, it is possible that the successful invasion of salivary glands by sporozoites is facilitated by a chemotactic attraction at the surface of the salivary glands to aid physical contact with a ligand-receptor binding substance.
Sporozoite motility was first observed by Vanderberg (1974) . He showed that Plasmodium berghei sporozoites in medium exhibit a unidirectional circular gliding motion. However, the experimental setup was not designed to reveal any net forward motion. The recent development of green fluorescent protein (GFP)-expressing P. berghei sporozoites (Natarajan et al., 2001 ) has resulted in improved methods to study sporozoite motility. For example, sporozoite motility Sporozoite invasion of mosquito salivary glands is critical for malaria transmission to vertebrate hosts. After release into the mosquito hemocoel, the means by which malaria sporozoites locate the salivary glands is unknown. We developed a Matrigel-based in vitro system to observe and analyze the motility of GFP-expressing Plasmodium berghei sporozoites in the presence of salivary gland products of Anopheles stephensi mosquitoes using temperature-controlled, low-light-level video microscopy. Sporozoites moved toward unheated salivary gland homogenate (SGH) but not to SGH that had been heated at 56°C for 30·min. We also investigated the origin of the attracted population. Attraction to SGH was restricted to hemolymph-and oocyst-derived sporozoites; salivary gland-derived sporozoites were not attracted to SGH. These data imply that sporozoites employ a chemotactic response to high molecular mass proteins or carbohydrate-binding proteins to locate salivary glands. This raises the possibility of utilizing anti-chemotactic factors for the development of mosquito transmission blocking agents.
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within salivary gland ducts (Frischknecht et al., 2004) and skin (Vanderberg and Frevert, 2004) have been demonstrated. However, sporozoite motility in the hemocoel in proximity to the salivary glands has not been observed because the thorax containing the salivary glands is covered with a thick, optically opaque chitinized cuticle. Therefore, we used GFP-expressing sporozoites suspended in Matrigel to establish and maintain a three-dimensional chemical gradient (Lehmann et al., 1995 ), low-light-level video microscopy, precise temperature control and computer-based data acquisition for an in vitro assay to determine whether sporozoites display a chemotactic response to salivary gland products. The results of our study are reported here.
Materials and methods
Mosquito and parasite cultivation Plasmodium berghei (NK65 strain) expressing GFP at the sporozoite stage (Natarajan et al., 2001 ) was maintained in 4-8 week-old BALB/c mice. At 72·h post-infection when blood parasitemia was 1-5%, Anopheles stephensi mosquitoes (NIH or Nijmegan strain) were fed on the mice and subsequently reared at 21°C and 80% relative humidity with 12·h alternating light-dark cycles.
Sporozoite preparation
We isolated sporozoites at 14-19 days post-infection by two methods. To determine if sporozoite motility is similar in both medium alone and in Matrigel, we isolated sporozoites in infected salivary glands as described previously (Vanderberg, 1974) except that we used a 10·μl Hamilton syringe to disrupt the salivary glands. Liberated sporozoites were suspended in assay medium consisting of Medium 199 (Biosource, Rockville, MD, USA) containing 1.5% bovine serum albumin (Sigma-Aldrich Co., St Louis, MO, USA) and 3·mg·ml -1 glucose, and either placed on a microslide and sealed with a coverglass or mixed with Matrigel.
We also used the centrifugation method to purify sporozoites from whole mosquito bodies (Ozaki et al., 1984) . Infected mosquitoes were anesthetized with CO 2 , their legs and wings removed and their neck incised. The mosquito body parts were suspended in approximately 200·μl of assay medium and layered over an approximately 100·μl volume of glass wool in a 0.5·ml microcentrifuge tube, which had an 900·μm diameter hole in its apex made with a hot 20-gauge needle. The tube was placed inside a 1.5·ml microcentrifuge tube and the assembly was centrifuged at 16·000·g for 3·min. Purified sporozoites were collected as a pellet from the bottom of the 1.5·ml microcentrifuge tube. The pellet was disbursed in assay medium and mixed with fluorescent polystyrene microsphere beads (Fluorespheres, 10·μm in diameter, normalized 1/8 brightness, Molecular Probes, Eugene, OR, USA) for some assays.
To isolate salivary gland-derived sporozoites, we removed infected salivary glands from the mosquito body, suspended them in 15·μl of assay medium, and disrupted them by passage through a 10·μl Hamilton syringe. To isolate sporozoites from hemocoels and oocysts, we used the mosquito body but excluded the salivary glands. All sporozoites harvested either from isolated salivary glands or from hemocoels and oocysts were concentrated by centrifugation as described above.
The osmolarities of all assay solution components were measured in a precalibrated vapor pressure osmometer (Model 5500, Wescor, Logan, UT, USA).
Preparation of mosquito organ homogenates
Eight pairs of salivary glands harvested from 3-10 day-old An. stephensi mosquitoes were suspended in 10·μl of assay medium and homogenized by sonication (30 times, 35·s total) at an output power of 8 using a Model 450 Sonifier (Branson Ultrasonics Corp., Danbury, CT, USA). As a control, some salivary gland homogenates were heated in a water bath at 56°C for 30·min. This procedure was also used to produce midgut and Malpighian tubule homogenates.
Data collection and analyses
To observe sporozoites in the hemolymph circulation, live mosquitoes were attached to a microscope slide using superglue (Axis Electronics, Inc., Damascus, MD, USA). For chemotaxis assays, we used custom-built chambers ( A Leica DM IRE2 inverted light microscope (Leica Microsystems, Inc., Bannockburn, IL, USA) equipped with a Märzhäuser motorized stage (Märzhäuser, Wetzler, Germany), 20ϫ and 100ϫ HC PL FLUORTAR objectives and a GFP fluorescence filter module (Model XF100-2, Omega Optical, Brattleboro, VT, USA) was used to visualize the sporozoites. Microscope images were projected into a Hamamatsu Model ICCD-2400 low-light-level intensified video camera (Hamamatsu, Bridgewater, NJ, USA), captured using a DT3155 image capture card (Data Translation, Marlboro, MA, USA) and stored as AVI files. To avoid radiation-induced damage to the GFP-expressing sporozoites, a mercury lamp was not used; the preparations were illuminated with a halogen light source operating at 2.5 to 7.2·V.
Quantification of the movement of individual sporozoites was performed using the 3-D motion tracking module in Image-Pro ver. 5.0 (Media Cybernetics, Silver Spring, MD, USA). Selected time-lapse AVI files were converted to X, Y, time maximum projections with AutoDeblur ver. 9.2 (AutoQuant Imaging, Inc., Troy, NY, USA). The direction of sporozoite movement was calculated by the shift in X, Y coordinates as tangency angles; θ=tan -1 (Y n -Y 1 /X n -X 1 ) using the first and last video frames of each sporozoite (Fig.·1B) .
Equally distributed distributions were tested for statistical significance using a two-sample t-test. If the samples were not equally distributed as determined by an F-test, we used a twosample t-test with Welch's correction.
Results

Sporozoites are passively transported through the mosquito
hemolymph To quantify the real-time transport of sporozoites through the mosquito hemolymph, we recorded the process in vivo in the wing veins of an intact mosquito. Sporozoites were carried through the hemolymph at various speeds depending upon the diameter of the vein. For example, sporozoites flowing through a peripheral vein at the wing margin traveled at a relatively low velocity of 66-83·μm·s -1 and often paused at the intersection between the peripheral and central veins. However, once in a larger central vein they traveled at a higher velocity of 82-98·μm·s -1 (Fig.·2 , Movie 1 in supplementary material). These data demonstrate that sporozoites are carried passively through the mosquito hemolymph. 
Sporozoites motility is modulated by vehicle
Sporozoites isolated and suspended in medium as described previously (Vanderberg, 1974) showed circular gliding motion at a velocity of 2·μm·s -1 and attached waving motion ( Fig.·3 and Movie 2 in supplementary material). In contrast to the previous report, we found that the proportions of sporozoites circling clockwise or anticlockwise were essentially identical. However, neither circular gliding nor attached waving motion resulted in any net forward motion.
To determine if forward motility could be promoted in a three-dimensional environment, we isolated sporozoites by the same method and suspended them in Matrigel in our custombuilt chamber. In this environment, sporozoites exhibited a corkscrew-like forward motion with frequent random directional changes (Fig.·4A) . Since sporozoites exhibited directional motility in Matrigel in addition to circular gliding motility, we mixed Matrigel with sample for all experiments to analyze sporozoite motility.
Matrigel is a fluid at 4°C and a gel at room temperature. The maintenance of sporozoites with Matrigel at 4°C results in an inhibition of sporozoite motility (Fig.·5) . In order to minimize this effect, we exposed sporozoites to 4°C for less than 1·min in all experiments. After the sporozoites had been warmed to 20°C, motility increased over an approximately 20·min. However, motility again gradually decreased, probably due to a depletion of energy sources such as internal ATP and/or glucose in the assay medium (Kirk et al., 1996) .
We also used the centrifugation method to isolate sporozoites and analyzed their motility. We quantified 81 salivary gland-derived sporozoites in Matrigel (Fig.·6A) . 79 sporozoites (97.5%) were motile, demonstrating that sporozoite motility was well-preserved. The tangency angle (θ) of sporozoite direction was 27.2±111.0°(χ ±S.D., N=74, excluding five sporozoites without vectorial movement; Table·1) demonstrating that sporozoites moved randomly. A similar result was observed with sporozoites harvested from hemocoel and oocysts. A total of 64/74 sporozoites (90.1%) were motile ( Fig.·6B ) with θ=11.3±94.6°(N=60, excluding four sporozoites without vectorial movement; Table·1), confirming that these sporozoites also moved randomly. These data confirm that the centrifugation method preserved sporozoite motility. Therefore, sporozoites were processed by this method for all chemotaxis assays.
Sporozoite movement is modulated by the presence of salivary
gland homogenate To determine whether salivary gland homogenate (SGH) influenced the direction of sporozoite movement, we quantified motility in the presence of either fresh or heated M. Akaki and J. A. Dvorak (Fig.·7A , Movie 3 in supplementary material) with θ=77.5±15.7°(N=21, Table·1). In contrast, sporozoites in the presence of heated SGH moved randomly (Fig.·7B) with θ=-58.1±127.1°(N=20, Table·1). Sporozoite movement in the presence of SGH was relatively uniform with time, compared to sporozoites in the absence of SGH (Fig.·4A,B) . The difference in θ between sporozoites in the presence of SGH vs heated SGH was significant (P<0.001, two-sample t-test with Welch's correction), demonstrating that the majority of the sporozoites isolated from whole mosquito bodies were attracted to unheated SGH. Mosquito organ extracts of midguts and Malpighian tubules did not attract sporozoites (data not shown). The fluorescent beads remained stationary in all cases, demonstrating that no passive fluid streaming occurred. To further confirm the lack of passive fluid movement, the osmolarities of all solutions were determined (Table·2). There was no significant difference in osmolarity between SGH and sporozoites suspended in Matrigel (P>0.4, two-sample t-test), demonstrating that solution osmolarity differences were not responsible for the directional motility of sporozoites. Normalized migration area (a.u.)
Time (min) Fig.·5 . Effects of sample preparation temperature on sporozoite motility. Sporozoites in Matrigel were exposed at 4°C for ≈40·min and transferred to the chamber at 20°C at time 0. The graph is a summary of 240 time-lapse images acquired over a 21·min period. Migration area of sporozoites in each image was normalized to sporozoite number. Mosquito isolation site modulates sporozoite movement Sporozoites in whole mosquito bodies on days 14-19 postinfection were present in both salivary glands and hemolymph plus oocysts (data not shown). To determine whether the attraction of sporozoites to SGH is dependent upon the site from which the sporozoites were isolated, we compared the motility of salivary gland-derived sporozoites to sporozoites derived from hemocoels and oocysts. Salivary gland-derived sporozoites moved randomly in the presence of SGH (Fig.·8A) with θ=-32.5±97.4°(N=12, Table·1). In contrast, 15 hemocoel-and oocyst-derived sporozoites out of 19 (78.9%) were attracted to salivary gland homogenate (Fig.·8B) with θ=71.8±34.0°(N=15, Table·1). The difference in θ between salivary gland-derived vs hemocoel-and oocyst-derived sporozoites was significant (P<0.005, two-sample t-test with Welch's correction).
Table·1. Effects of sporozoite origin and salivary gland homogenate (SGH) preparation on sporozoite motility
Discussion
In this report, we describe and utilize an in vitro system for real-time studies of the interaction between sporozoites and mosquito salivary glands. Although sporozoites float freely in the hemolymph and travel throughout the mosquito body, ultimately they reach the salivary glands. Our results show that sporozoites are attracted to salivary gland homogenate in vitro. These data imply that sporozoites may detect and utilize chemotactic gradients in the vicinity of the salivary glands; however, the composition of the chemotactic gradient remains to be determined. The maintenance of a chemotactic gradient may involve a reduced hemolymph velocity in the vicinity of the salivary glands. Details of mosquito hemolymph dynamics are unknown; however, the complex anatomical structures in the vicinity of the salivary glands should result in a reduction in hemolymph velocity, which would facilitate the attraction of sporozoites to the surface of salivary glands. Salivary glands are enclosed by a basal lamina, consisting of fibrilliar components, such as laminin and collagen IV, which are also major components of Matrigel. These components may aid sporozoite approach towards salivary glands by providing a suitable vehicle to facilitate sporozoite movement.
We demonstrate that sporozoites do not exhibit directed movement toward heated salivary gland homogenate. These data imply that chemoattractant factors may be denatured or inactivated by heating (56°C for 30·min), suggesting that they may be high molecular mass protein(s) or carbohydratebinding protein(s). High molecular mass protein(s) are usually denatured (Shin et al., 2002) and carbohydrate-binding proteins lose sugar-binding activity (Gaikwad et al., 2002) when heated under the conditions we used. High molecular mass glycoproteins could be secreted from the basal lamina into the extracellular space (Mariassy et al., 1989) . Also, it has been shown that P. gallinaceum sporozoites recognize lectins when they invade the salivary glands of Aedes aegypti mosquitoes (Barreau et al., 1995) . Consequently, these sporozoites may chemotactically detect secreted carbohydrate-M. Akaki and J. A. Dvorak We also demonstrate that there is a marked difference in chemoattraction between salivary gland-derived sporozoites and oocyst-and hemolymph-derived sporozoites. Salivary gland-derived sporozoites were not attracted to salivary gland homogenates. In contrast, the majority (80%) of oocyst-and hemolymph-derived sporozoites are attracted to salivary gland homogenate. These data can be explained by the fact that once sporozoites enter salivary glands they no longer need to locate the salivary glands and may lose their chemotactic ability quickly after invasion, possibly through the saturation of chemoattractant receptors. The remaining Ϸ20% did not show directed motility. This is probably the consequence of the heterogeneous maturation state of the oocyst-and hemolymph-derived sporozoite population. It has been shown that sporozoite mobility, infectivity of the vertebrate host, and the ability to invade salivary glands change during their maturation (Touray et al., 1992; Vanderberg, 1974; Vanderberg, 1975) in a time-dependent manner (Al-Olayan et al., 2002) . The subset of the population that did not display directed motility in the presence of salivary gland homogenate is probably immature with respect to the development of a chemotactic response.
Table·2. The osmolarities of assay solution components
In conclusion, we demonstrate that sporozoites locate mosquito salivary glands by chemotaxis, suggesting the possibility that chemical component(s) can be identified and synthesized to block or suppress mosquito salivary gland invasion as a malaria transmission blocking strategy. 
